During animal development, Hox genes are expressed in characteristic, spatially restricted patterns and specify regional identities along the anterior±posterior (A±P) axis. Polycomb group (PcG) proteins in Drosophila repress Hox expression and maintain the expression patterns during development. Mice de®cient for homologues of the Drosophila PcG genes, such as M33, bmi1, mel18, rae28 and eed, show altered Hox expression patterns. In this study, we examined the time course of Hoxb3 expression during late gastrulation and early segmentation of rae28-de®cient mice. Hoxb3 was expressed ectopically in pharyngeal arch and hindbrain from embryonic day (E) 9.5 and 10.5, respectively. The anterior boundary of ectopic expression in the hindbrain extended gradually in the rostral direction as development proceeded from E10.5 to E12.5. Expression of kreisler and Krox20, which function as positive regulators of Hoxb3 expression, was not affected in rae28-de®cient embryos. Analysis of a neural crest marker, p75, in rae28-de®cient mice revealed that the neural crest cells begin to ectopically express Hoxb3 after leaving the hindbrain. Our results suggest that rae28 is not required for the establishment but maintenance of Hoxb3 expression. q
Developmental regulation of Hoxb3 expression in the hindbrain
We monitored developmental regulation of Hoxb3 expression in wild-type and rae28-de®cient mutant embryos together with that of rae28 expression, starting from around E8.0 by section in situ hybridization. We found that rae28expression is evenly distributed in wild-type embryos from embryonic day (E) 7.5 and that its expression pattern does not change signi®cantly from E7.5 to E14.5 ( Fig. 1 ; data not shown; Tomotsune et al., 1999) .
Hoxb3 expression patterns in the hindbrain of the mutant embryos from E8.0 to E9.5 were indistinguishable from wild-type embryos (Fig. 2A±C,E) . The anterior boundary of Hoxb3 expression corresponds to the r4/r5 boundary in both wild-type and mutant embryos from E8.0 to E9.5. However, Hoxb3 is expressed ectopically in r4 of the mutant embryos at E10.5 (Takihara et al., 1997) . The anterior boundary of ectopic Hoxb3expression extended to r3 of the mutant embryos by E11.5 (Fig. 3B) , and extended further to the pons by E12.5 (Takihara et al., 1997) . Thus, we conclude that Hoxb3 expression is initiated normally in the rae28-mutant embryos, but the pattern of expression is not preserved in the later stages.
The physical boundaries of the rhombomeres are visible in the wild-type and the mutant embryos at E10.5 (Takihara et al., 1997) , but disappear soon after this stage. After their disappearance, the anterior boundary of ectopic Hoxb3 expression extends gradually in the rostral direction. Based on the analysis of Hox gene expression on adjacent section, it appears that the rostral extension of Hoxb3 expression does not coincide with the anterior boundary of Hoxb2 or Hoxb1 (compare Fig. 3B with C and D).
Expression of transcriptional activators of Hoxb3 expression
Cross-regulatory mechanisms have been shown to be involved in maintaining Hox gene expression patterns in the hindbrain (Gould et al., 1997) . We examined the expression of 34 Hox genes in paraxial mesoderm, hindbrain and pharyngeal arches of the rae28-de®cient embryos at E10.5 and E12.5 by in situ hybridization. Except for Hoxb3 and Hoxb4, the expression patterns of all 12 Hox genes expressed in the hindbrains and pharyngeal arches of Fig. 1 . Section in situ hybridization of embryos with the rae28 probe. Embryos at E9.5 (A,B) and E12.5 (C) were prepared and expression of the rae28 gene was examined by section in situ hybridization. (A,B) Frontal sections of embryos at E9.5, and (C) is a sagittal section at E12.5. The rae28 probe used is described in Section 4. ov, otic vesicle; nt, neural tube; p, pharyngeal arch; h, heart. Scale bar: 200 mm. Fig. 2 . Section in situ hybridization of early embryos with the Hoxb2 and Hoxb3 probes. Expression of Hoxb3 (A±C,E±G) and Hoxb2 genes (D,H) was examined in E8.0 (A,E) and E9.5 (B±D,F±H) embryos. 1/1 (A,B,F) and 2/2 (C±E,G,H) indicate wild-type and the rae28-de®cient embryos, respectively. To demonstrate tissue speci®city of ectopic Hoxb3 expression at E9.5, sections B and F, C and G as well as D and H were derived from the same embryo. The position of ov was used as the landmark for r5 in E9.5 embryos. ov, otic vesicle; r3, r4, r5, r6, third, fourth, ®fth and sixth rhombomeres; p1, p2, p3, ®rst, second and third pharyngeal arches. Scale bar: 200 mm. Fig. 3 . Section in situ hybridization of the E11.5 embryos with the Hoxb1, Hoxb2 and Hoxb3 probes. Expression of the Hoxb3 (A,B), Hoxb1 (C) and Hoxb2 (D) genes in embryos at E11.5 was detected by section in situ hybridization. 1/1 (A) and 2/2 (B±D) indicate wild-type and the rae28-de®cient embryos, respectively. Each arrowhead indicates the anterior boundary of Hox expression. (B,D,F) Were detected in the identical embryo. Since Hoxb1 is speci®cally expressed in r4 (C) and Hoxb2 is expressed uniformly in the hindbrain from r3 posteriorly (D), these regions are used as landmarks to determine the anterior boundary of Hoxb3 expression in the mutant embryos at E11.5 (B). r4, r5, fourth and ®fth rhombomeres; p1, p2, p3, ®rst, second and third pharyngeal arches; po, pons. Scale bar: 1 mm.
the wild-type embryos were not affected (data not shown; see also Takihara et al., 1997) .
A number of upstream regulators of Hox gene expression in the hindbrain have been identi®ed, such as Krox20, kreisler and Cdx1 (Manzanares et al., 1997; Seitanidou et al., 1997; Subramanian et al., 1995) . To ascertain whether RAE28 controls expression of these genes and, thereby, indirectly regulates Hox gene expression, we analyzed their expression patterns in rae28-de®cient embryos. We found no abnormal expression of these genes in the mutant embryos at E8.0 (kreisler, Fig. 4A ,E; Krox20, Fig. 4B ,F; Cdx1, data not shown). The question arises as to whether any of these regulators could govern ectopic expression of Hoxb3 in the hindbrain starting at E10.5. In particular, Krox20 could be considered as a strong candidate regulator of ectopic Hoxb3 expression, since its expression pattern persists until E9.5 (Fig. 4C,G) . In contrast, kreisler and Cdx1 expression in the hindbrain is no longer detectable after E8.5 (data not shown; Meyer and Gruss, 1993; Manzanares et al., 1999) . However, similar to the wild-type embryos, expression of Krox20 disappeared after E9.5 in rae28-de®cient embryos (Fig. 4D,H) . Thus, the regulation of Hoxb3 expression in the hindbrain by Krox20 and, presumably, kreisler and Cdx1 appears to be completed before E10.5 and ectopic expression of Hoxb3 involves presently unknown upstream regulators.
Hoxb3 expression in the pharyngeal arches
Neural crest cells migrate according to their rhombomeric origins (Krumlauf, 1993) . In wild-type embryos, Hoxb3 expression in the neural crest population is limited to the Fig. 4 . Section in situ hybridization of the early embryos with kreisler and Krox20 probes. Embryos at E8.0 (A,B,E,F), E9.5 (C,G) and E10.5 (D,H) were prepared and expression of the kreisler (A,E) and Krox20 (B±D,F±H) was examined by means of section in situ hybridization. 1/1 (A±D) and 2/2 (E±H) indicate wild-type and the rae28-de®cient embryos, respectively. ov, otic vesicle; r3, r5, third and ®fth rhombomeres; Vbc, boundary cap cells of the trigeminal ganglion. Scale bar: 200 mm. third pharyngeal arch (Fig. 2B,F) . Interestingly, unlike in the hindbrain (Fig. 2G) , we observed ectopic Hoxb3 expression in the second pharyngeal arch of rae28 mutant embryos at E9.5 (Fig. 2C) . Analysis of Hoxb3 expression in serial sections con®rmed this difference in timing of ectopic Hoxb3 expression between the second pharyngeal arch and the hindbrain, i.e. the observation is not due to embryonic stage differences.
The ectopic expression of Hoxb3 in the second pharyngeal arch is unlikely to result from abnormal migration of the neural crest cells, because the expression patterns of other Hox genes, such as Hoxb2 (Fig. 2D,H) , Hoxa2, Hoxa3, Hoxd3 (data not shown) were normal. Moreover, the results obtained with antibody against the p75 neurotrophin receptor which has moderate speci®city for neural crest cells, support the idea that neural crest cells in the second pharyngeal arch of both wild-type and mutant embryos have migrated uniformly from r4 ( Fig. 5 ) (Bannerman and Pleasure, 1993; Chalazonitis et al., 1998a,b) .
Thus, ectopic expression of Hoxb3 as a consequence of lack of rae28 appears earlier in the pharyngeal arch than in the hindbrain.
Experimental procedures

Generation of rae28-de®cient mice and section in situ hybridization
Mice de®cient in the rae28 gene were generated as described previously (Takihara et al., 1997) . The offspring were produced by heterozygous intercrossing and their genotypes were examined by means of the polymerase chain reaction (PCR). Embryos obtained by Caesarian section were examined for Hox gene expression.
Section in situ hybridization was done as described previously (Takihara et al., 1997) . The embryos were collected from pregnant females, and the morning the vaginal plug was detected was recorded as E0.5. A riboprobe was synthesized with digoxygenin-UTP and T3 or T7 polymerase (Boehringer Mannheim). The alkaline phosphatase reaction was performed with NBT-BCIP (Boehringer Mannheim).
